Phages must be perfectly attuned to bacterial host cell physiology to ensure their optimal survival. Silpe and Bassler show that a Vibrio phage uses the host quorum-sensing pathway to trigger production of viral progeny at high cell density.
The viruses that infect bacteria, known as phages, have evolved to adapt a variety of host cell processes to their advantage. One class of phages, known as temperate phages, spend a significant part of their lives as prophages. In this form, the phage genome integrates into the host chromosome or is maintained as an episome and is passively replicated by the bacterial cell. Since prophage survival is dependent on the continued survival of the host cell, they need to be connected with, and responsive to, host cell signals. For example, when a prophage senses bacterial cell stress via activation of the SOS response, this input is integrated into the phage machinery through the activity of a genetic switch. The phage can then rapidly enter the lytic life cycle and release its progeny before the host cell dies. Now, in this issue of Cell, a study by Silpe and Bassler (2018) reveals that Vibrio phage 882 can also tune into the bacterial quorum-sensing system and use this input to guide the lysis-lysogeny decision.
Many bacterial species use the cellcell communication process known as quorum sensing to regulate a variety of group behaviors, such as motility, virulence factor production, and chemiluminescence, in a cell-density-dependent manner (Papenfort and Bassler, 2016) . Quorum sensing relies on the synthesis, release, and subsequent group-wide detection of signaling molecules known as autoinducers. In Vibrio cholerae, a well-characterized model system for quorum-sensing studies, a quorumsensing circuit composed of the autoinducer 3,5-dimethylpyrazin-2-ol (DPO) and the cytoplasmic receptor-transcription factor protein, VqmA, was recently characterized in the Bassler lab (Papenfort et al., 2017). This system was shown to play an important role in repressing genes required for virulence and biofilm formation.
The authors have discovered a homolog of VqmA in VP882, a non-integrating, temperate Vibrio phage. This hints that VP882 might be able to listen in on the host quorum-sensing pathway. They go on to show that the phage VqmA homolog (VqmA Phage ) is activated by quorum sensing by directly binding to the autoinducer, DPO. This promotes phage-mediated host cell lysis through a highly coordinated pathway (Figure 1 ). Briefly, when the V. cholerae culture reaches high cell density, VqmA Phage is activated through binding DPO, leading to upregulated expression of a phage anti-repressor protein known as Qtip (quorum-triggered inactivator of cI protein). This increase in Qtip concentration, in turn, leads to aggregation of the cI repressor protein. This sequestration of cI relieves repression of the q antiterminator gene, and the increased intracellular concentration of Q triggers the VP882 prophage to enter the lytic cycle. By contrast, DNA damage was shown to trigger the phage lytic pathway by acting directly on the cI repressor protein, cleaving it in a RecA-dependent manner, and thereby upregulating Q expression. Thus, phage VP882 has two independent pathways through which its lytic cycle can be induced: the quorum-sensing pathway aggregates cI, while the DNAdamage response leads to cI cleavage. These pathways converge at the activation of Q expression, which turns on the lytic cycle regardless of the trigger.
This newly identified phage-encoded quorum-sensing receptor that responds to host-produced autoinducer provides important new insight into the phage lysis-lysogeny decision. While the natural cues that activate vqmA Phage remain unknown, there are two feedback mecha-nisms that may amplify production: (1) VqmA Phage activates its own expression, and (2) prophage copy number increases when cI is sequestered or cleaved. Thus, even low-level production of VqmA Phage would initiate a Qtip-dependent feedback loop that could set off the lytic pathway. One other notable point about the activation by VqmA Phage is that while it is able to bind both its own and the host target promoters, the host-produced VqmA protein is not able to bind to the phage promoter. This ensures that the phage can respond to the host quorum-sensing system as well as implement its own lysis-lysogeny decision without host interference.
The quorum-sensing-mediated lysislysogeny decision pathway appears to be conserved among related phages. While no obvious Qtip sequence homologs were identified in other phages, a small protein was discovered in a Marinobacterium jannaschii phage that can aggregate both its own and VP882 cI proteins. In addition, the VP882 vqmA Phage and qtip genes are located between two highly conserved proteins, repA and telN, which are required for the replication and maintenance of linear plasmid-like prophages. Using these essential genes as landmarks, the authors identify genes with strongly predicted DNA-binding domains in other linear plasmid-like phages. They speculate that these putative DNAbinding proteins that share a conserved genomic location with VqmA Phage can activate transcription of partner genes that may encode Qtip-like antirepressors. There exists a wide range of possible cues in bacteria that might trigger such lytic inducers. For example, one could imagine that an antibiotic could bind analogously to DPO and turn on the lytic pathway to allow the phage to escape before the bacterial cell is killed. Other possible host cues include ppGpp, which would allow response to nutritional starvation, or global second messengers like cyclic di-GMP and cyclic di-AMP. This study lays the groundwork for future investigations of novel controllers of the phage lysis-lysogeny decision.
Quorum sensing has previously been shown to affect interactions between phages and bacteria, usually by promoting phage resistance. It has been linked to increased expression of bacterial anti-phage defense mechanisms such as CRISPR-Cas immunity (Høyland-Kroghsbo et al., 2017; Patterson et al., 2016) , abortive infection systems that result in altruistic suicide of infected cells (Kolodkin-Gal et al., 2007) , and downregulation of cell-surface proteins that serve as phage receptors (Høyland-Kroghsbo et al., 2013) . In Vibrio species, quorum sensing has been shown to increase phage resistance through the production of haemaglutinin protease and via downregulation of cell-surface receptors (Hoque et al., 2016; Tan et al., 2015) . By contrast, the work reported here reveals a positive role for quorum sensing in promoting phage survival: that bacteria and phages have both evolved to take advantage of the quorum-sensing system and use it while vying for the upper hand highlights the tenuous balancing act that exists between them. We have much left to learn of the complicated dance in which they engage. Tan, D., Svenningsen, S.L., and Middelboe, M. (2015) . Quorum Sensing Determines the Choice of Antiphage Defense Strategy in Vibrio anguillarum. MBio 6, e00627.
Figure 1. The Phage VP882 Lysis-Lysogeny Decision Is Controlled by Quorum Sensing
At low cell density, phage VP882 maintains lysogeny through the activity of the cI repressor. At high cell density, a phage-encoded protein, VqmA Phage , interacts with the host-produced quorum-sensing autoinducer, DPO. This interaction activates expression of the Qtip antirepressor, which binds to the cI repressor protein and sequesters it through aggregation. This loss of cI initiates the phage lytic pathway via the activation of the Q antiterminator protein, resulting in the production and release of phage progeny.
